Mortality from bloodstream infections (BSIs) correlates with diagnostic delay and the use of inappropriate empirical treatment. Early PCR-based diagnosis could decrease inappropriate treatment, improving patient outcome. The aim of the present study was to assess the clinical utility of this molecular technology to diagnose BSIs. We assessed a new dual-priming oligonucleotide-based multiplex PCR assay, the Magicplex Sepsis Test (MST) (Seegene), along with blood culture (BC). A total of 267 patients from the intensive care unit and haematology and emergency departments were enrolled. Clinical data were also used by physicians to determine the likelihood of infection. Ninety-eight (37 %) specimens were positive: 29 (11 %) by both the MST and BC, 29 (11 %) by the MST only, and 40 (15 %) by BC only. The proportion of agreement between the two methods was 73 % (Cohen's k: 0.45; 0.28-0.6; indicating fair to moderate agreement). According to clinical assessment, 63 (64 %) positive specimens were considered BSIs: 23 (36 %) were positive by both the MST and BC, 22 (35 %) were positive only by BC, and 18 (29 %) were positive only by the MST. Thirty-eight (14 %) positive specimens by the MST and/ or BC were considered as contaminants. Of 101 specimens collected from patients receiving antibiotics, 20 (20 %) were positive by the MST and 32 (32 %) by BC. Sensitivity and specificity were 65 % and 92 %, respectively, for the MST and 71 % and 88 %, respectively for BC. We concluded that the MST shows a high specificity but changes in design are needed to increase bacteraemia detection. For viability in clinical laboratories, technical improvements are also required to further automate the process.
INTRODUCTION
Bloodstream infection (BSI) is a serious condition that causes around 215 000 deaths per year in the USA and 135 000 in Europe (Bassetti et al., 2012; Mancini et al., 2010; Wolk & Fiorello, 2010a) . A significant cause of this high mortality is the delay in microbiological diagnosis (Mancini et al., 2010; Schaub et al., 2011; Wolk & Fiorello, 2010b) . Standard diagnosis, i.e. blood culture (BC), takes up to 5 days -a time lapse that forces physicians to use empirical antibiotic treatment. Kumar et al. (2006) showed that mortality from BSI increases about 7-8 % per hour of delay in effective antimicrobial administration within the first hour of documented hypotension in adult patients with septic shock.
In parallel, several studies have shown that the earlier specific treatment is established, the better the outcome of patients (Dellinger et al., 2008; Rivers et al., 2012) . All these studies suggest that diagnostic methods should be improved (Mancini et al., 2010; Paolucci et al., 2010; Schaub et al., 2011; Wolk & Fiorello, 2010b) . The key to improving management of BSI is to reduce the time taken to obtain microbiological results.
The concept of theranostics could be introduced into the medical management of BSI. Theranostics in infectious diseases implies using rapid and accurate diagnostic assays to enable better initial management of patients and more efficient use of antimicrobials (Picard & Bergeron, 2002) . Multiplex PCR assays are promising approaches that aim to reduce aetiological diagnosis of BSI to hours (Paolucci et al., 2010; Reinhart et al., 2012) , avoiding the need for culture-based microbiological methods. Several molecular assays (PCR/ES-MS, SeptiTest, SeptiFast, Vyoo/Looxter) shorten the time of detection of many micro-organisms to 6-8 h, but some of them do not detect drug resistance genes (Bloos et al., 2012; Ecker et al., 2010; Fitting et al., 2012; Lucignano et al., 2011; Tsalik et al., 2010; Wallet et al., 2010; Wellinghausen et al., 2009) . To date, neither BC nor molecular approaches are as powerful as we would like (Baron, 2006) .
A new commercial kit, the Magicplex Sepsis Test (MST; Seegene) appeared on the market in July 2010. The MST was designed to detect most pathogenic micro-organisms responsible for BSIs as well as three key drug resistance genes, mecA, vanA and vanB, within 6 h. The assay uses a selective human cell lysis pre-treatment of specimens to increase detection of bacterial nucleic acids. A dualpriming oligonucleotide (DPO) is then used for amplification. DPO consists of two functional priming regions separated by a poly(I) linker. It generates dual-priming regions, resulting in only target-specific products (Chun et al., 2007) . Moreover, DPO primers are labelled with a fluorescence marker, which allows early detection of fluorescence signals [READ (real amplicon detection) technology] and gives quicker results.
The aim of the present study was to assess the clinical utility of this new technology to diagnose BSIs.
METHODS
This prospective study was performed at Hospital de la Santa Creu i Sant Pau -a tertiary university hospital in Barcelona. Patients were recruited between April 2011 and September 2011 from the intensive care unit (ICU) and haematology and emergency departments. Demographic data of patients, clinical and laboratory findings, cultures of suspected source of infection, and administration of antimicrobial therapy were recorded prospectively to determine patients' infection status. One blood specimen per patient and episode was selected for the MST on the basis of suspected sepsis. Blood samples were selected regardless of previous antibiotic treatment. Patients younger than 18 years were excluded from the study. During weekends, samples for the molecular approach were not processed and they were therefore excluded from the study. The study was approved by the Ethics Committee at Hospital de la Santa Creu i Sant Pau (study no. 11BSP-MOL-2011-62).
BC processing. Blood specimens were collected by direct venipuncture. In 11 cases, venipuncture was not available for sampling and specimens were obtained from catheters. About 10-20 ml of blood was inoculated in each BC bottle (aerobic and anaerobic culture) and incubated as soon as possible at 35 uC in BacT/Alert (bioMérieux) BC cabinets for 7 days. When growth in BC bottles was automatically detected, Gram stain and subcultures were performed, and isolates were identified according to standard laboratory methods (Baron, 2005) . Antibiotic susceptibility was determined using accredited routine laboratory methods (CLSI, 2012) . Genotypic identification by 16S rDNA sequencing was required in two anaerobe isolates and was performed as previously described (http://rdna4.ridom.de/static/ primer.html; Esparcia et al., 2011; Petti, 2007) .
MST processing. An aliquot of 1 ml of fresh whole blood was required for the MST test, according to the manufacturer's instructions. The paired samples used for BC and the MST derived from the same venipuncture or catheter draw. Specimens were transported in EDTA tubes to the laboratory and stored at 2-8 uC until processing. Specimens were discarded if the MST was not performed within 24 h. Microbial nucleic acids were enriched by performing a pre-treatment with a Blood Pathogen kit (Seegene) according to the manufacturer's instructions. This kit allows selective human cell lysis and degradation of the released (human and nonhuman) DNA by a DNase. Intact microbial cells (viable and nonviable) were then concentrated from the lysed blood (Wellinghausen et al., 2009) . Microbial nucleic acids were automatically extracted by the SEEPREP12 purification system (Seegene) according to the manufacturer's instructions. The extraction procedure took approximately 2.5 h.
Nucleic acids were amplified using a conventional PCR thermocycler (System 9700; Applied Biosystems) in two independent reaction tubes: one for Gram-negative bacteria and fungi, and another for Gram-positive bacteria and three drug resistance markers: mecA, vanA and vanB. This initial amplification process took approximately 2.5 h (Fig. 1a) . Amplicon specimens were then detected, screened and identified using SmartCycler II real-time PCR (Cepheid). Screening and identification steps were performed separately. For the screening step, three real-time PCRs were performed (approximately 30 min): one for Gram-positive bacteria, one for drug resistance markers, and one for Gram-negative bacteria and fungal pathogens (Fig. 1b) . If amplification occurred, the pathogen was identified using suitable identification probes (Fig. 1c) , taking an additional 30 min. Amplicons were detected by fluorescent nucleotide probes and results were analysed by Seegene VIEWER real-time PCR software. An internal control was used in all amplification steps. For the staphylococcal amplification probe, a C t of ,10 cycles was needed to determine positivity according to the manufacturer's instructions. For the other probes, C t had to be ,15 cycles. To minimize contamination, DNA extraction and amplification/detection were performed in separate rooms. The MST was performed by specially trained laboratory technicians that had been working with molecular techniques (both manual and automatic) for many years.
Analyses of microbiological results. To determine whether the micro-organisms corresponded to a true pathogen, we used recommended microbiological criteria as previously described (Weinstein & Doern, 2011) . Accordingly, the following data were taken into consideration: identification and antimicrobial resistance pattern of micro-organisms, and clinical findings in the patient (e.g. fever, leukocytosis, imaging studies). Possible contaminant micro-organisms detected only by the MST were considered true pathogens when clinical data and additional clinical cultures supported this consideration. It should be pointed out that antibiotic susceptibility patterns cannot be used with the MST to compare isolates from different specimens.
Clinicians were not informed about the MST results until the end of the study. These results did not therefore influence the medical management of patients. 
RESULTS
From the 267 paired MST and BC set specimens, 142 came from the emergency department, 99 from ICU areas and 26 from the haematology department. Specimens were collected by venipuncture in 256 cases and by catheter in 11 cases.
Global results of the MST and BC (Table 1) Ninety-eight of 267 (37 %; 31-43 %) specimens were positive: 29 (11 %; 8-15 %) by both the MST and BC, 29 (11 %; 8-15 %) by the MST only, and 40 (15 %; 11-20 %) by BC only. The percentage of agreement between the two methods was 73 % (Cohen's k: 0.45; 0.28-0.6; indicating fair to moderate agreement). Thirty-eight of 98 (14 % of 267; 11-19 %) positive specimens were considered as contaminants: three (1 %; 0.4-3 %) by both the MST and BC, 14 (5 %; 3-9 %) by the MST only, and 21 (8 %; 5-12 %) by BC only. In specimens considered as contaminant, time to positivity (TTP) for BC was 31 h (20-72 h) and the C t of the MST was .13.
In total, 101 of 267 specimens were collected from patients receiving antibiotic treatment: 20 specimens (20 %; 13-29 %) were positive by the MST and 32 specimens (32 %; 23-41 %) were positive by BC. Six specimens (6 %; 2-13 %) were positive only by the MST.
Results of the MST and BC according to clinical assessment (Table 2) Sixty-three of 98 (64 %; 54-73 %) positive specimens (by the MST and/or BC) were considered BSIs. Global sensitivity and specificity of the MST for BSI detection were 65 % (52-76 %) and 92 % (87-95 %), respectively, whereas for BC they were 71 % (58-82 %) and 88 % (83-92 %), respectively. In specimens considered as BSIs, TTP for BC was 15 h (8-39 h) and the C t of the MST was ,13.
Among specimens obtained from catheters, only three were positive by the MST (two S. epidermidis and one K. pneumoniae). Both S. epidermidis specimens were considered true bacteraemia according to other specimens (including the paired BC) and clinical data.
MST-positive specimens. Forty-one of the 58 MSTpositive specimens were considered as BSIs: 23 (36 %; 25-50 %) specimens were positive by both the MST and BC (MST-positive/BC-positive) and 18 (29 %; 18-42 %) Molecular diagnosis of sepsis specimens were positive only by the MST (MST-positive/ BC-negative). Among these specimens, 13 (88.9 %; 67.2-96.9 %) were MST-positive for Enterobacteriaceae (two of these samples were positive for both K. pneumonia and E. coli). Seven specimens were collected from patients under antibiotic treatment (Tables 1, 2 
and 3).
BC-positive specimens. Forty-five of 69 BC positive specimens were considered as BSIs: 22 (35 %; 24-48 %) specimens were positive only by BC (MST-negative/BCpositive). Four specimens were positive for P. aeruginosa; MST amplification was performed on the isolates, giving a positive result for P. aeruginosa. The MST was inhibited in one specimen that was BC-positive for Staphylococcus haemolyticus. In four specimens, BCs were positive by species not included in MST detection and identification panels. The remaining 13 specimens are detailed in Tables 1, 2 and 3. We found no statistical significance between the number of pathogens detected by the two methods (63) and the number of pathogens (45) detected by BC alone (P.0.05).
Regarding drug resistance markers, 10 meticillin-resistant staphylococci were detected by antibiotic susceptibility test (eight CoNS and two S. aureus). The MST detected the mecA gene in four of these specimens (three CoNS and one S. aureus). In the remaining six specimens, three MSTs were negative, two MSTs were positive only for Staphylococcus spp. and failed to detect both the species and mecA gene, and one MST was inhibited (no C t detected for internal control). The C t of the identification probe of one of the meticillin-resistant S. aureus was 10.02. As the C t for Staphylococcus spp. is 10, the software scored this specimen as negative.
In two specimens, the MST detected the mecA gene but failed to detect any organism. Vancomycin-resistant enterococci were not detected in the present study either by the MST or by the antibiotic susceptibility test.
DISCUSSION
This is the first study to assess the clinical performance of the multiplex PCR assay, the Magicplex Sepsis Test. We found that sensitivity for the MST (65 %) was not higher than for BC (71 %) but was comparable to the rates found in similar studies (52-87 %) using other commercial kits (Bloos et al., 2012; Fitting et al., 2012; Tsalik et al., 2010; Wallet et al., 2010) . However, a remarkable proportion (37 %) of Enterobacteriaceae spp. was detected by the MST but not by BC. BC detected a higher number of P. aeruginosa isolates than the MST (four of five). Only one of 267 MST amplifications was inhibited. The proportion of agreement between the MST and BC was 73 %, mostly due to negative results. The ability of the MST to detect whole cells, viable or not, should increase the number of positive specimens processed under the antimicrobial effect. Unexpectedly, the number of positive specimens processed under the antimicrobial effect was not higher by the MST than by BC. The most striking finding was the discrepancy between positive MST and BC results. We detected more discrepant results than in previous studies (Bloos et al., 2012; Tsalik et al., 2010; Wallet et al., 2010) .
Explanations suggested for PCR-negative/BC-positive results are genetic variability or mutations of the target site, inhibition of PCR and low microbial load (Bloos et al., 2012; Esparcia et al., 2011; Wellinghausen et al., 2009) . Our current findings do not fully confirm earlier works. Mutations of the target alteration were excluded for P. aeruginosa because MST amplification performed in the isolates was positive. Only one MST amplification was inhibited (1/267; 0.4 %). The bacterial load was indirectly measured by the TTP. The mean TTP for all MST-positive/ BC-positive results was 15 h. Nevertheless, the mean TTP for all MST-negative/BC-positive results was 19 h. Accordingly, the hypothesis of a low bacterial load can be ruled out. In this study, the blood volume used for the MST was smaller than in other studies (Bloos et al., 2012; Fitting et al., 2012; Tsalik et al., 2010; Wallet et al., 2010) . The significant difference in the sample volumes used for the MST and BC testing is likely a major contributing factor to the poor sensitivity of PCR. Hansen et al. (2009) evaluated different pre-analysis sample treatments together with various DNA extraction kits for the selective isolation of bacterial DNA from whole blood. They concluded that the combination of performing a pre-analysis sample DMST detected two additional Staphylococcus epidermidis and Streptococcus agalactiae in two different specimens. dIn three specimens the MST was positive for: Klebsiella pneumoniae in two cases and for Pseudomonas aeruginosa in the other while CoNS isolated by BC were considered as contaminants. §Three positive specimens by both the MST and BC were considered as contaminants. ||Ten were Escherichia coli (two by polymicrobial detection: K. pneumoniae and E. coli), two K. pneumoniae, two Streptococcus pneumoniae, one Enterobacter cloacae. The remaining specimens were considered as contaminants.
Six were E. coli, three CoNS, two P. aeruginosa, two by polymicrobial detection: P. aeruginosa and CoNS, one Klebsiella oxytoca, one K. pneumoniae, one S. pneumoniae, two Streptococcus dysgalactiae subsp. equisimilis, one Atopobium rimae, one Bacillus spp., one Corynebacterium spp., one Odoribacter splanchnicus (see supplementary material available with the online version of this paper). The remaining positive specimens were considered as contaminants.
treatment and using a larger sample volume increased the bacterial detection limit (Hansen et al., 2009) . Accordingly, in our molecular approach, the volume of blood requested should probably be increased to improve sensitivity.
A possible explanation for the PCR-positive/BC-negative results could be the use of antimicrobial agents before blood extraction (Wellinghausen et al., 2009) . These agents affect the viability of micro-organisms, diminishing the ability of BC to detect bacteraemia. Nevertheless, there were no significant differences between percentages of positivity by BC and the MST (32 % and 20 %, respectively) in the specimens collected from patients receiving antibiotic treatment. These results do not support the notion that micro-organisms detected by PCR may have been nonviable and thus non-detectable by BC (Hansen et al., 2009; Wellinghausen et al., 2009) . Moreover, to give PCR-positive/ BC-negative results could be misleading to the clinician and cause an unnecessary change in antimicrobial therapy. These discrepancies could be explained by an unmeasured combination of bacterial load, bacterial viability and decreased antimicrobial concentration in BC.
The MST failed to detect five staphylococcal BSIs (one S. aureus). The manufacturer has proposed a cut-off of 10 to diminish the number of Staphylococcus spp. falsepositive results. However, some bacteraemia caused by Staphylococcus spp. could be missed (one in our series). A C t cut-off of 15 as for the other micro-organisms could be better to detect staphylococcal BSIs.
Despite its low sensitivity (65 %), we would like to emphasize that the MST is a reliable tool to detect bacteraemia, particularly those produced by Enterobacteriaceae. A DPO design, along with the pre-treatment of samples, reduced both false-negative and false-positive results (Kommedal et al., 2012) . The MST could therefore be useful and reliable for the selection of an antibiotic, even in those meticillinresistant Staphylococcus in which the MST detected a mecA resistance gene. This should make the MST a practical kit for clinical laboratories.
The MST is also a reliable tool to detect bacteraemia within 6 h. Its DPO design makes it an attractive primer set in this setting, where false-negative and false-positive PCRs can be reduced by preventing human DNA cross-reactivity (Kommedal et al., 2012) . We emphasize here that the MST allowed us to detect Enterobacteriaceae that were not detected in BC. Some important technological features could be improved, however.
In our experience, the MST technology is hard to use as a diagnostic tool in clinical microbiology laboratories that provide service 24/7. The whole process requires four manual steps of manipulation: pre-treatment of specimens, extraction of DNA, screening amplification and amplification to identify the micro-organism. The use of the conventional PCR is a handicap for the MST because of potential contamination of PCR reagents by amplicons. Technological features should thus be modified accordingly. We suggest increasing the volume of the specimens for the MST and homogenizing the cut-off for all micro-organisms, including Staphylococcus. Both these changes would help to increase the detection of bacteraemia. Finally, the whole procedure of the MST should be automated, as this would facilitate the integration of the MST in microbiology laboratories.
A positive point of the MST is its ability to detect resistance genes such as mecA and van. Nevertheless, in our experience, the MST failed to detect six out of 10 meticillin-resistant genes. Moreover, the detection of additional resistance genes such as those involved in carbapenem resistance, e.g. bla KPC , bla VIM , bla IMP , and bla OXA-48 , would be beneficial. This point is particularly relevant for countries where carbapenem resistance is even more frequent than vancomycin resistance. The MST could therefore be useful for the selection of an antibiotic within the first hours of BSI.
In conclusion, the MST shows high specificity but its rate of positivity is similar to that of BC. Changes in design are needed to increase bacteraemia detection and technical improvements are needed to further automate the process for viability in clinical laboratories.
